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ABSTRACT

Highly variable rainfall-runoff patterns across burned mountainous watersheds in the
Colorado River headwaters
by
Haley Anne Canham, Master of Science
Utah State University, 2022

Major Professor: Dr. Belize A. Lane
Department: Civil and Environmental Engineering
Wildfires can contribute to enhanced flooding, erosion, debris flows, sediment
transport, and water quality changes that impact downstream infrastructure, water users,
and aquatic habitat. With increasing wildfire risk in the western U.S., understanding postwildfire rainfall-runoff patterns and controls is critical. Recent post-wildfire hydrologic
studies have largely applied one of two methods: (1) analyzing long-term annual water
yield or flow recurrence intervals across numerous watersheds or (2) detailed event-scale
rainfall-runoff analysis in a few small watersheds. These methods leave a gap in a
comprehensive understanding of space- and time-dependent post-wildfire rainfall-runoff
patterns and physical controls. Annual to multi-year time-scales obscure the variability in
rainfall-runoff patterns across storm events and seasons, and limited variance in
watershed and burn characteristics makes it difficult to isolate and contrast individual
controls. To improve understanding of watershed-scale post-wildfire rainfall-runoff
patterns and controls, we developed a transparent, repeatable analytical framework to
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collect high-resolution precipitation and streamflow data and then identified and analyzed
rainfall-runoff events and physioclimatic controls. To automate rainfall-runoff event
identification and analysis, the Rainfall-Runoff Event Detection and Identification
(RREDI) algorithm was developed.
An intensive hydrologic monitoring network was installed in the area burned by
the Grizzly Creek Fire (Aug 2020) in Glenwood Canyon, Colorado, USA, to analyze
rainfall-runoff response across five burned watersheds spanning an order of magnitude in
area (11 to 100 km2) and two nearby unburned watersheds. The North American
monsoon drove the precipitation regime during the monitoring period (summer 2021)
resulting in highly localized, intense thunderstorm events. The monitored watersheds
exhibited spatially heterogeneous characteristics (e.g., topography, geology, burn
severity, and network connectivity). Highly variable observed rainfall-runoff patterns
point towards complex physioclimatic controls that include precipitation attribute
variability (15-minute intensity, duration, depth), heterogeneous watershed and burn
characteristics within and between watersheds, seasonality, and prior storm events. This
study investigates post-wildfire rainfall-runoff events across spatial and time scales to
reveal hydrologic patterns and potential controls.
(105 pages)
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PUBLIC ABSTRACT

Highly variable rainfall-runoff patterns across burned mountainous watersheds in the
Colorado River headwaters
Haley Anne Canham

Wildfires can contribute to enhanced flooding, erosion, debris flows, sediment
transport, and water quality changes that impact downstream infrastructure, water users,
and aquatic habitat. With increasing wildfire risk in the western U.S. due to a changing
climate, understanding post-wildfire rainfall-runoff patterns and controls is critical for
continued water resources security. To improve understanding of post-wildfire rainfallrunoff patterns and controls, we developed a transparent, repeatable analysis framework
to collect precipitation and streamflow data, identify paired rainfall-runoff events, and
analyze these events to evaluate post-wildfire rainfall-runoff patterns and controls. To
automate the rainfall-runoff event identification, the Rainfall-Runoff Event Detection and
Identification (RREDI) algorithm was developed.
Flow and precipitation data were collected through a hydrologic monitoring
network installed in the area burned by the Grizzly Creek Fire (Aug 2020) in Glenwood
Canyon, Colorado, USA in five burned watersheds and two nearby unburned watersheds.
The North American monsoon drove the precipitation regime during the monitoring
period (summer 2021) resulting in highly localized, intense thunderstorm events. The
observed rainfall-runoff patterns were highly variable, indicating a number of complex
controls including precipitation variability, watershed and burn characteristics,
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seasonality, and prior storm events may influence rainfall-runoff response. This study
investigates post-wildfire rainfall-runoff events across space and time scales to reveal
hydrologic patterns and potential controls.
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1 Introduction

1.1 Background and motivation
After a wildfire is extinguished, the effects on the watershed are far from over.
Post-wildfire hydro-geomorphic changes are highly dynamic, variable in space and time,
and controlled by non-linear and poorly understood processes (Moody, 2013; Santi &
Rengers, 2020). These changes can cause increased flooding, water yield, erosion, and
debris flows and have major implications for downstream infrastructure, water quality,
aquatic habitat, and watershed hydrobiogeochemical cycling (Bladon et al., 2014;
Hallema et al., 2017; Jager et al., 2021). Understanding post-wildfire hydrologic impacts
and their spatio-temporal variability across watersheds is particularly pressing because
wildfire trends are projected to continue increasing as the climate changes (Abatzoglou et
al., 2021; Hoover & Hanson, 2021). Increased wildfire occurrence and severity and the
associated hydro-geomorphic impacts pose an increased risk to water resources security
(Murphy et al., 2018). An improved understanding of post-wildfire hydrologic changes,
specifically rainfall-runoff processes, will aid in anticipating and minimizing future risk
from hydrologic impacts.
Post-wildfire hydrologic processes are highly dynamic and complex, making it
difficult to isolate individual physical controls and predict hydrologic impacts. A
heterogeneous pattern of burn severity (Keeley, 2009) imparts varying spatial patterns of
changed hydrologic pathways in a watershed, altering partitioning between rainfall,
overland flow, infiltration, and evapotranspiration (Santi & Rengers, 2020). Post-wildfire
hydrologic pathways also continue to change through time as the watershed recovers
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(Santi & Rengers, 2020; Wagenbrenner et al., 2021). The resulting spatially and
temporally variable and non-linear rainfall-runoff relationships make it difficult to predict
hydrologic impacts or dominant physioclimatic controls (Maina & Siirila‐Woodburn,
2020; Moody, 2013; Santi & Rengers, 2020).
The observed effects of wildfire on rainfall-runoff response have been highly
variable in direction and magnitude between watersheds and at different time scales. Peak
flows in the western U.S. have been observed to increase (Beyene et al., 2021; Gillard,
2019; Hallema et al., 2017; Saxe et al., 2018), as well as show no observable change
following wildfire (Kinoshita & Hogue, 2015). Similarly, annual water yield and low
flows have been observed to increase (R. R. Bart, 2016; Beyene et al., 2021; Hallema et
al., 2017; Kinoshita & Hogue, 2015; Saxe et al., 2018; Wine et al., 2018; Wine & Cadol,
2016) or show no observable change (R. Bart & Hope, 2010). Through the large
variability in these trends, it is apparent that complex physioclimatic controls on postwildfire rainfall-runoff processes lead to highly variable hydrologic impacts.
To anticipate hydrologic impacts and evaluate risk to water resources it is critical
to understand dominant rainfall-runoff processes at the scale of individual storm events.
The importance of event-scale analysis for understanding rainfall-runoff patterns and
controls is established in the hydrologic literature (Shope, 2016; Tarasova et al., 2018).
Rainfall-runoff processes are highly dynamic and heterogeneous at the event-scale. For
example, rainfall-runoff event-scale analysis is prevalent in urbanization studies to
identify changes in streamflow response to a given storm event and evaluate
infrastructure’s ability to accommodate these changes (Chang, 2007; Hopkins et al.,
2015; Meierdiercks et al., 2010). Similarly, changes in rainfall-runoff response following
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wildfire have been shown to vary between events, seasons, and watershed settings.
Moreno et al., (2020) evaluated rainfall-runoff peak response in a single burned
watershed at a number of hydrologic timescales (event, daily, monthly, and seasonal) and
found that the largest absolute increase in runoff was at the event-scale, resulting in a
significant increase in flash flood probability in the watershed. Without evaluating eventscale patterns, this signal would have been undetected and the downstream risk and
impacts would have been underestimated (Moreno et al., 2020). However, their analysis
focused on the temporal hydrologic variability in only a single watershed, limiting the
understanding of how these patterns may vary across watersheds and spatial scales.
To fully understand spatial and temporal post-wildfire rainfall-runoff patterns and
controls, a large range of watershed and burn characteristics needs to be considered.
Recent post-wildfire hydrologic studies have largely applied one of two primary methods
to identify patterns. The first is analyzing longer-term annual water yield or flow
recurrence intervals across numerous watersheds, which provides an understanding in the
range of variability across most commonly large (>100 km2) watersheds due to the
availability of downstream streamflow gage data (R. R. Bart, 2016; Beyene et al., 2021;
Saxe et al., 2018). The second is detailed event-scale rainfall-runoff analysis in a few
small (<10 km2) watersheds (Kunze & Stednick, 2006; Moreno et al., 2020). By
evaluating only one or a few watersheds, the potential to observe watershed and burn
characteristic variability is low, making it difficult to isolate individual physical controls
on rainfall-runoff response through time and space. To facilitate prediction of postwildfire hydrologic impacts, a more complete understanding of rainfall-runoff event
variability patterns and controls can be obtained by investigating rainfall-runoff patterns
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through space and time across a wide range of watershed and burn characteristics. Gillard
(2019) began to close this gap by investigating event-scale rainfall-runoff ratios in nine
large burned watersheds in the western US with a range in contributing area of 223 to
2730 km2. It was found that rainfall-runoff ratios generally increased after wildfire, but
the magnitude and type of change vary when considering different rainfall-runoff eventscale metrics (maximum ratio, average ratio, ratio variance, and post-wildfire ratio
recovery). The identified complexity in rainfall-runoff response indicated that there are a
large number of controls, rather than one single control. Further work to better
understand the number and influence of controls on rainfall-runoff event-scale response
was suggested (Gillard, 2019).

1.2 Research objectives and questions
The primary goals of this study were to monitor and characterize event-scale postwildfire rainfall-runoff patterns across adjacent watersheds and investigate potential
spatio-temporal hydrologic controls on these patterns. To begin to disentangle hydrologic
controls, we installed an extensive hydrologic monitoring network in recently burned
watersheds (contributing areas of 101 to 104 km2) in the Colorado River headwaters and
monitored hydrologic conditions over the first year following the wildfire. We sought to
answer the following research questions: (1) how variable are rainfall-runoff events
within each study watershed? (2) how do rainfall-runoff patterns vary between study
watersheds? and (3) how do seasonal timing and prior storm events alter the runoff
response to a similar storm event?
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To address these questions, a transparent, repeatable framework was developed
(Section 3.1) to collect hydrologic data, identify rainfall-runoff events, and analyze
rainfall-runoff event attributes. To address question one, we analyzed a suite of rainfallrunoff attributes for each of the identified rainfall-runoff events within each study
watershed. We expect that storm event attributes will be highly variable (e.g., peak 15minute precipitation intensity, duration, and depth) and result in a large range of runoff
attributes (e.g., streamflow percent rise, area normalized peak, time to peak, and duration)
within each watershed. To address question two, we analyzed the collection of rainfallrunoff event attributes with respect to watershed and burn characteristics. To address
question three, we evaluated the influence of the timing of storm events – including
seasonality and prior storm events – on runoff attributes for single storm events. Postwildfire hydrologic pathways are understood to change thorough time and from prior
storm events, but the magnitude and mechanism of change remains unclear.

2 Study Area

2.1 Wildfire coverage and study area
The Grizzly Creek Fire in western Colorado provides an ideal and unique case
study to evaluate rainfall-runoff patterns across multiple burned tributary watersheds and
the mainstem Colorado River spanning a wide range of contributing areas, watershed,
and burn characteristics. The fire ignited on August 10, 2020 burning 32,631 acres (132
km2) and 19 river kilometers along the Colorado River through Glenwood Canyon,
Colorado, USA, before being fully contained in December 2020 (Fig. 1a). The fire
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burned the length of Glenwood Canyon to both the north and south rims of high relief
terrain spanning a large range in elevation (1760m to 3050m) (Fig. 1a). The fire burn
severity was a mosaic of high (12%), moderate (43%), and low to unburned severity
(45%) (Fig. 1b). Long-term hydrologic data has been collected by several different
entities in the area, including three long-term U.S. Geological Survey (USGS) flow gages
that bound the fire perimeter upstream and downstream on the Colorado River and
additional continuous water quality and precipitation data monitoring locations.
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Fig. 1 Grizzly Creek Fire, CO study area and characteristics. (a) Grizzly Creek Fire
perimeter (red), study watersheds (black), and elevation. Major flow lines are shown
(blue) and flow direction arrows for the Colorado River from left to right. (b) Grizzly
Creek Fire burn severity (Burned Area Emergency Response (BAER), 2020) showing a
mosaic of low and unburned to high burn severity. (c) Distribution of Grizzly Creek
watershed elevation and (d) slope in four evaluated areas (solid lines) (see methods in
section 3.3) and average characteristic values (vertical dashed lines. (c) Underlying
geology for full and burned portions of each study watershed.

The fire received rapid and significant response due to the large amount of critical
infrastructure within the fire perimeter. This includes the major east-west transportation
corridor of Interstate-70, a railroad line, the Shoshone Hydroelectric powerplant, a
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Colorado Department of Transportation (CDOT) Interstate-70 tunnel security facility,
Glenwood Springs municipal water supply surface water intakes in Grizzly Creek and No
Name Creek watersheds (Hempel, 2014), and numerous recreation sites including hiking
and biking trails and river access. This variety of critical infrastructure was impacted by
the fire itself and the after-effects. Interstate-70 was closed in August, 2020 for two
weeks while the fire burned in the immediate vicinity (Stroud, 2021) and recreation
access to the White River National Forest in the fire vicinity was closed through March
2021 (USFS, 2021).
Higher elevation headwaters of the study area watersheds begin on the White
River Plateau with the Colorado River and lower portions of side tributaries forming
steep canyons (Fig. 1a, c, d, Appendix D Fig. 26 to Fig. 28). The underlying geology
consists of approximately 50% limestone dominating the north canyon rim with mixed
other basement rocks dominating the Colorado River corridor, and clastic sedimentary
and volcanic rocks dominating the south canyon rim (Fig. 1e) (Horton et al., 2017). Soil
properties are highly spatially variable within each watershed with a soil hydrologic
conductivity range of 0 to 280 µm/s across the study area and a depth to restricting layer
range of 0 to >200 cm across the study area (Appendix D Fig. 29, Fig. 30). Pre-fire
vegetation is tree-dominated including Aspen, Pinyon-Juniper, Spruce-Fir, and other
mixed conifer forest with mixed shrubland and herbaceous being less dominant
(Appendix D Fig. 32) (LANDFIRE, 2019). The regional climate is characterized as
warm-summer humid continental (Dfb) (Peel et al., 2007).
The USGS streamflow gage on the Colorado River at Dotsero (USGS 09070500;
contributing area 11370 km2) marks the upstream end of the burn perimeter, with an
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average annual flow of 58.6 m3/s. The Colorado River within the study area exhibits a
strong spring snowmelt signal, with an average snowmelt peak in June of 200 m3/s. The
Shoshone hydroelectric plant located within the study area is operated as a run of the
river dam, with a senior water right that keeps 35.4 m3/s in the river (Public Service
Company of Colorado v. Federal Energy Regulatory Commission, 1985), acting as a
controlled baseflow. The study area is also influenced by the North American Monsoon,
which occurs from July through September in the Colorado Rocky Mountains with
varying strength annually, resulting in summer precipitation and associated storm flow
events (Carroll et al., 2020). As a result, streamflow does not recede to baseflow
conditions until around October. Flow remains low through the winter until the following
snowmelt pulse begins typically around April. Several un-gaged tributary watersheds and
springs (including Hanging Lake) also contribute flow to the Colorado River from
Dotsero to the major confluence with the Roaring Fork River downstream of Glenwood
Canyon.
In water year 2021 following the fire, annual snowpack in the study area peaked
at 88% of the long-term average (period of record 1985 - 2021) (NRCS National Water
and Climate Center, n.d.) but flows at the USGS Colorado River below Glenwood
Springs gage were only 57% of average annual flow (period of record 1906 - 2021)
(USGS, n.d.-a). The North American Monsoon of summer 2021 (June-September) was
one of the wettest on record (since 1895) in the American southwest with the heaviest
rainfall amounts occurring in the mountains (National Weather Service Phoenix, 2021),
potentially confounding the impacts of the wildfire on streamflow patterns. The period of
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July 21-25 and another period in mid-August were unusually active with many strong to
severe thunderstorms observed (National Weather Service Phoenix, 2021).

2.2 Monitored tributary watersheds
Seventeen watersheds draining directly to the Colorado River in Glenwood
Canyon were affected by the fire, ranging in size from 1.2 to 100 km2. The seven study
watersheds (five burned, two unburned) selected for monitoring (see monitoring details in
Section 3.2) exhibit a large degree of spatial heterogeneity in watershed and burn
characteristics including a large range in drainage area (11 to 100 km2), burn coverage,
and burn severity (Table 1). The contributing area of the Colorado River at the upstream
end of Glenwood Canyon is 11,370 km2 and 11,813km2 at the downstream end (a
difference of 443 km2).

Table 1 Key watershed and burn characteristics for monitored watersheds.
Burned area
moderate +
high severity

Channel
network
length

km2 (%)

km

Burned
channel
network
length
km (%)

7.3 (7.3)

71.0

12.4 (17.5)

No Name Creek
53.5
2.4 (4.5)
French Creek
16.0
5.9 (36.9)
Ike Creek⸶
12.6
3.3 (26.2)
Cinnamon Creek
11.0
3.8 (34.5)
Cottonwood
83.5
--Creek* ⸶
Canyon Creek* ⸶
62.1
--*Un-burned watershed
⸶Potentially influenced by irrigation withdrawals

31.6
13.1
9.1
8.2

0.8 (2.4)
12.0 (91.5)
3.3 (35.7)
6.7 (81.7)

56.5

--

38.6

--

Watershed

Grizzly Creek

Drainage
area

Burned
area

km2

km2 (%)
13.2
(13.2)
4.5 (8.4)
9.2 (57.2)
5.0 (39.8)
5.7 (51.2)

100.0
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The study watersheds are characterized by high relief and steep lower portions,
with Grizzly, No Name, French, and Cinnamon Creeks characterized by confined
canyons in the lower watershed. The average elevation of the study watersheds is 2839 m
with a range of 1763 m to 3470 m (1697 m relief), an average slope of 16 degrees with a
range of 0 to 87 degrees, and a range in aspect from 0 to 360 degrees. French, Grizzly,
No Name, and Canyon Creeks all drain from the north rim of Glenwood Canyon to the
Colorado River, while Cinnamon, Ike, and Cottonwood Creeks drain from the south rim.
The dominant hydrologic regimes of the watersheds are highly variable based on aerial
imagery and GIS analysis, field visits, and personal communication with natural resource
agencies. Grizzly, No Name, and Canyon Creeks are large snowmelt-dominated systems,
Cinnamon, Ike, and Cottonwood Creeks are stable groundwater-driven, and French Creek
is a flashy ephemeral system. Irrigation withdrawals influence Ike Creek (during summer
dry season, no irrigation during precipitation events), Cottonwood Creek (no flow during
summer due to dry season irrigation), and Canyon Creek (during summer dry season,
diurnal cycling where irrigation withdrawals peak daily in the early afternoon).
Additional municipal drinking water withdrawals influence No Name and Grizzly
Creeks. The percent burned area for the five burned study watersheds within the fire
perimeter ranges from 8 to 57% (Fig. 1b). The fire primarily burned both the east and
west aspects of the lower portions of these extremely steep canyon watersheds with
limited burned area on the high elevation plateau. No Name Creek only burned on the
west aspect.
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3 Methods

3.1 Study Analytical Design
To answer the research questions, a transparent, repeatable framework was
developed to collect the necessary hydrologic and watershed data, identify and
characterize individual rainfall-runoff events using an automated algorithm, and analyze
rainfall-runoff event patterns within and across watersheds and through time (Fig. 2).
Data requirements included streamflow and precipitation (Section 3.2) and watershed and
burn characteristics (Section 3.3) for each of the study watersheds. An open-source
hydrologic time-series analysis algorithm was developed utilizing developed code from
Murphy et al., (2019) and Patterson et al., (2020) to analyze rainfall-runoff events
(Section 3.4). The Rainfall-Runoff Event Detection and Identification (RREDI) algorithm
first uses feature detection and signal processing of storm precipitation and daily flow
data to identify rainfall-runoff events (Section 3.4.2). Then, each rainfall-runoff event is
extracted using 15-minute flow and instantaneous precipitation data to calculate a set of
event attributes (e.g., time to peak, response time, event duration, volume, percent rise)
(Section 3.4.3). The algorithm was applied to the study site watersheds and the set of
identified events and their associated attributes were then analyzed to address the
research questions. The distribution of attributes within each watershed was first analyzed
(Section 4.2) to evaluate how precipitation variability (peak 15-minute intensity,
duration, and depth) may act as a control on rainfall-runoff response (Section 5.2). Next,
the range of attribute distributions is analyzed between watersheds (Section 4.3) to
evaluate how watershed and burn characteristic variability may act as a control on
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rainfall-runoff response (Section 5.3). Finally, the runoff response attributes were
analyzed through time to identify similar storms with different runoff response (Section
4.4) to evaluate how additional temporal controls including seasonality and previous
storms may act as a control on rainfall-runoff response (Section 5.4).

Fig. 2 Analytical framework flow chart to address research questions. Data inputs are
shown in orange rectangles, analysis methods are shown in blue partially rounded
rectangles, and analysis outputs are shown in yellow parallelograms. The three different
key framework components are identified including hydrologic monitoring, the RREDI
algorithm, and geospatial analysis (dark blue rectangles). Investigated research questions
are shown in green fully rounded rectangles, and rainfall runoff control tested hypothesis
are depicted in grey hexagons. Details on each component are provided at the indicated
section number.
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3.2 Field data collection

3.2.1 Monitoring network and site selection
Hydrologic monitoring including flow and precipitation has been conducted at the
study area with an extended period of record. USGS flow gages bound Glenwood
Canyon and are located upstream at Dotsero (USGS 0907055 Colorado River near
Dotsero) and downstream at Glenwood Springs (USGS 09085100 Colorado River below
Glenwood Springs). The historic periods of record for each gage ranges from 1942 and
1967 to present respectively. The Roaring Fork (USGS 09085000 Roaring Fork River at
Glenwood Springs), historic period of record from 1906, contributes flow to the
mainstem Colorado River at Glenwood Springs below the Grizzly Creek Fire and above
the Glenwood Springs USGS gage. A SNOTEL station (Bison Lake) is located in the
northern portion of the study area at an elevation of 3316 m. After the fire, seven
additional flow gages and 11 additional rain gages were installed at the study site to
complement existing hydrologic monitoring equipment (Table 2, Fig. 3a).
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Table 2 Study site hydrologic monitoring locations including equipment installed by the
authors and others (USU = Utah State University; USGS = US Geological Survey;
USDA = US Department of Agriculture).
Site
Monitoring POR
Owner Latitude Longitude
9/19/2020Cinnamon Creek
flow
USU
39.5885 -107.1844
7/22/2021
9/18/2020French Creek
flow
USU
39.6090 -107.1577
5/28/2021
9/19/2020Grizzly Creek*
flow
USU
39.5632 -107.2507
11/5/2021
9/19/2020Ike Creek
flow
USU
39.6020 -107.1309
11/6/2021
8/23/2021No Name Creek
flow
USU
39.5673 -107.2936
11/6/2021
9/20/2020Canyon Creek
flow
USU
39.6056 -107.4484
11/15/2021
9/19/2020Cottonwood Creek
flow
USU
39.6086 -107.0872
8/24/2021
Colorado River near
1942flow
USU
39.6446 -107.0780
Dotsero, CO
present
Colorado River below
9/19/2020flow
USU
39.5609 -107.2544
Grizzly Creek
11/5/2021
Colorado River below
1967flow
USGS 39.5550 -107.3376
Glenwood Springs, CO
present
1906Roaring Fork River at
flow
USGS 39.5467 -107.3308
present
Glenwood Springs, CO
9/18/2021Spruce Rain Gage
precipitation
USU
39.5769 -107.0994
present
Deadman’s Creek met
7/28/2021USGS 39.5427 -107.2013
station near Glenwood precipitation
present
Springs
Cinnamon Creek met
7/25/2021station near Dotsero,
precipitation
USGS 39.5709 -107.1579
10/28/2021
CO
Cinnamon Creek
8/12/2021Complex met station
precipitation
USGS 39.5889 -107.1855
9/30/2021
near Dotsero, CO
Coffee Pot met station
7/28/2021precipitation
USGS 39.6580 -107.1617
near Dotsero, CO
9/30/2021
East Fork Dead Horse
7/25/2021Creek met station near precipitation
USGS 39.6285 -107.1973
present
Dotsero, CO
No Name Creek met
7/25/2021station near Glenwood precipitation
USGS 39.5953 -107.2867
present
Springs, CO
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Windy Point met
station near Glenwood
Springs, CO

precipitation

7/28/2021present

USGS

10/11/2020USGS
7/14/2021
9/19/2020USGS_RG_2
precipitation
USGS
7/14/2021
11/27/2020USGS_RG_3
precipitation
USGS
7/14/2021
9/30/1985Bison Lake SNOTEL
precipitation
USDA
present
*Excludes 5/19/2021-7/20/2021 due to equipment failure.
USGS_RG_1

precipitation

39.6178

-107.3079

39.5628

-107.1714

39.5772

-107.1488

39.6506

-107.1683

39.7667

-107.3500

Five burned and two unburned watersheds were selected for study to include a
range of burn and watershed characteristics and to capture the primary contributions of
flow from the burned area to the Colorado River. Primary selection criteria included
accessibility and area burned greater than five percent (Fig. 3a). Additionally, many
tributaries within the burn perimeter appeared unlikely to produce sufficient flows for
monitoring based on pre-fire Google Earth aerial imagery and only those expected to
generate channel flow were selected. As in most post-wildfire environments, accessibility
for installation of monitoring equipment and repeated access were challenging due to
changing access route conditions, safety concerns, and land ownership. Because of a lack
of streamflow response data in the burned study watersheds, two additional contiguous
unburned watersheds were selected for inclusion in the monitoring network to provide an
unburned comparison through the study period. The large contributing area of both the
unburned Canyon and Cottonwood Creeks is most similar to the burned Grizzly and No
Name Creeks. The topography including elevation, relief, and slope and vegetation of
both unburned watersheds are similar to all five burned study watersheds. The geology of
Canyon Creek is similar to the burned study watersheds also located on the north side of
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the Colorado River including No Name, Grizzly, and French Creeks. The geology of
Cottonwood Creek is similar to the burned study watersheds also located on the south
side of the Colorado River including Cinnamon and Ike Creeks (Appendix D Fig. 26 to
Fig. 32).

Fig. 3 Grizzly Creek Fire hydrologic monitoring. (a) Study area hydrologic monitoring
network map showing 11 flow monitoring locations and 11 rain gages. (b) Study area
hydrologic monitoring network flow balance schematic. (c) Water year 2021 annual
hydrograph showing mainstem Colorado River flow (left x-axis) and study watershed
flows (right x-axis).

A flow balance was performed to quantify the monitored flow contributions to the
Colorado River against the flow generated over the burn scar and between the bounding
USGS gages (Fig. 3b, c). The monitored daily contribution from the burned area was
obtained by summing the monitored study watersheds including French, Ike, Grizzly, and

18
Cinnamon Creeks (Fig. 3b, c, Appendix C Fig. 19). Grizzly Creek was the largest
monitored watershed within the burn perimeter, and it contributed the overwhelming
majority (91%) of the flow from the monitored burned watersheds to the Colorado River.
The daily streamflow contribution from Glenwood Canyon between the bounding USGS
gages was obtained by subtracting the flow at both the USGS Roaring Fork at Glenwood
Springs gage and the USGS Colorado River at Dotsero gage from the USGS Colorado
River at Glenwood Springs (Fig. 3b, c). Fifty-six percent of flow out of Glenwood
Canyon however remains unaccounted for in the flow budget. This may be attributed to a
combination of additional un-gaged watersheds within the canyon, including Hanging
Lake and Devil’s Hole, and numerous known but undocumented springs discharging into
the Colorado River downstream of the burn perimeter.
A total of 11 tipping bucket rain gages were installed in the study area following
the wildfire. The USGS and National Weather Service (NWS) installed 10 rain gages to
span the burn perimeter. Our USU team installed one additional rain gage to facilitate
rainfall-runoff event analysis by pairing flow and precipitation gages within the same or a
proximal watershed.

3.2.2 Streamflow monitoring
To monitor flow, we installed eight unvented Level TROLL 400 pressure
transducers (In-Situ, Fort Collins, CO) to collect continuous 15-minute stage data. Each
pressure transducer was installed in a vented PVC casing to protect the sensor from postwildfire debris and sediment in the channel, and attached to a six-foot steel fence post
driven into the channel bed. Additional protective measures were taken including

19
installation of additional fence posts upstream to deflect possible woody debris coming
downriver and attachment of the installation to the bank using steel cabling in select sites.
Pressure transducers were installed at laterally confined cross sections to reduce risk of
substantial channel change over the monitoring period from channel scour, deposition, or
widening, and to reduce discharge measurement uncertainty. Channel geometry
measurements were repeated periodically to document changes. Trap cameras were also
installed at monitoring locations on public lands to capture hourly photos of the channel.
All but one of the monitoring locations were wadable streams where discharge
measurements were collected using an OTT HydroMet Flow Meter (Loveland, CO).
Discharge measurements were repeated at a range of flows to develop site-specific stagedischarge rating curves for each of the monitoring locations to correlate stage collected
by the installed pressure transducer with discharge. Monitoring site water year 2021
hydrographs, rating-curves, and location photographs are in Appendix A Fig. 9 to Fig. 17.
The Colorado River monitoring location below Grizzly Creek was not wadable
and an acoustic doppler current profiler (ADCP) (Teledyne Technologies, Thousand
Oaks, CA) and rtkGPS (Leica Geosystems, St. Gallen, Switzerland) were used to
measure discharge and survey the cross section at two different discharges. Due to the
limited number of collected discharge measurements, a calibrated Manning’s n parameter
was used to develop a stage-discharge curve for this site. First, the Manning’s n
parameter was calculated for each of the two measured discharges, Q, by rearranging
equation 1.

𝑄

𝐴𝑅 √𝑆

Equation 1
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Where A is the cross-sectional area, R is the hydraulic radius, and S is the
surveyed water surface slope. Then the average of the calculated Manning’s n values was
used along with the surveyed cross section and equation 1 to generate a stage-discharge
rating curve. This rating curve was then used to correlate the stage period of record to
discharge. The rating curve was extrapolated to flows lower and higher than those
measured using an adjusted cross-sectional area for incremental changes in stage using
the surveyed cross section. The calibrated manning’s n parameter was appropriate to be
used for the extrapolation of the rating curve to higher stages because of the similarity of
the grain sizes (large boulders) in the wetted channel and the banks.

3.2.3 Precipitation monitoring
Precipitation was measured using tipping bucket rain gages (0.01-inch resolution)
installed in the study area. The USGS installed 10 total rain gages, seven equipped with
telemetry and three without. We installed one additional rain gage (Onset, Bourne, MA)
without telemetry at 2690 m elevation on the southeast perimeter of the fire (Fig. 3a).
Those rain gages equipped with telemetry report five-minute rainfall, those without report
the instantaneous timestamp of the rain bucket tip.

3.3 Geospatial watershed and burn characteristics analysis
Numerous physical characteristics of a watershed and burn have been found to
influence post-wildfire rainfall-runoff response (R. Bart & Hope, 2010; R. R. Bart, 2016;
Beyene et al., 2021; Ebel et al., 2012; Ebel & Moody, 2020; Hallema et al., 2017; Larsen
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et al., 2009; Maina & Siirila‐Woodburn, 2020; Santi & Rengers, 2020; Saxe et al., 2018;
Wine & Cadol, 2016). Watershed characteristics considered in this study included
topography, soil properties, and vegetation class; burn characteristics included percent
area burned and percent area burned at high and moderate severity (Table 3). These
characteristics were selected because they are commonly assessed in post-wildfire
hydrologic response studies and have previously been identified to influence rainfallrunoff response (R. R. Bart, 2016; Ebel et al., 2012; Ebel & Moody, 2020; Gillard, 2019;
Larsen et al., 2009; Maina & Siirila‐Woodburn, 2020; Santi & Rengers, 2020; Saxe et al.,
2018). Burned area and rainfall-runoff connectivity have also been identified as an
important control (Moody et al., 2008) and so a percent burned network metric (i.e.,
percent of the stream network within the burn perimeter) was also included in this
analysis. Watershed and burn characteristics influencing post-wildfire hydrologic
pathways are often highly spatially heterogeneous (Moody, 2013; Moody et al., 2008;
Santi & Rengers, 2020), but most studies rely on a watershed-averaged or dominant value
or category (R. Bart & Hope, 2010; R. R. Bart, 2016; Beyene et al., 2021; Hallema et al.,
2017; Wine & Cadol, 2016). To more fully represent the spatial heterogeneity of
watershed characteristics and their intersection with the burned area and channel network
for each monitored watershed, the distribution and average value of numerous watershed
and burn characteristics were extracted using ArcGIS Pro over four different spatial
coverages: (1) the complete watershed, (2) the burned portion of the watershed, (3) the
burned portion of the watershed classified as high or moderate burn severity, and (4) the
burned extent of the channel network using a 200m channel buffer (Fig. 1c, d). The
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distribution and mean values of characteristics for each of the four evaluated spatial
coverages within each study watershed is are shown in Appendix D Fig. 26 to Fig. 32.

Table 3 Watershed characteristics and data sources considered.
Characteristic
Source
USGS StreamStats
Size (km2)
(USGS, 2017)
Burn perimeter
Burned area (km2, %)
(Burned Area Emergency Response (BAER), 2020)
Burned area at high and
Burn severity map
2
moderate severity (km , %)
(Burned Area Emergency Response (BAER), 2020)
NHD Plus V2
Channel network length (km)
(McKay et al., 2012)
Burned extent of the channel
NHD Plus V2
network (km, %)
(McKay et al., 2012), burn perimeter
USGS 10m DEM
Elevation (m)
(USGS, n.d.-b)
Derived from USGS 10m DEM
Slope (°)
(USGS, n.d.-b)
Derived from USGS 10m DEM
Aspect (°)
(USGS, n.d.-b)
SGMC
Underlying geology
(Horton et al., 2017)
SSURGO
Hydraulic conductivity (um/s)
(NRCS USDA, n.d.)
SSURGO
Depth to Restricting layer (cm)
(NRCS USDA, n.d.)
LANDFIRE Remap 2016 Existing Vegetation Type
Vegetation (pre-fire)
(EVT)
(LANDFIRE, 2019)

3.4 Rainfall-Runoff Event Detection and Information (RREDI) algorithm
To automate the analysis of post-wildfire rainfall-runoff events across numerous
storms and watersheds, the open-source hydrologic time-series analysis Rainfall-Runoff
Event Detection and Information (RREDI) algorithm was developed. The RREDI
algorithm first uses feature detection and signal processing of storm precipitation and
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flow data to identify rainfall-runoff events (Fig. 4a). Then each rainfall-runoff event is
extracted using 15-minute flow and instantaneous precipitation data to calculate a set of
event attributes (Fig. 4b) including time to peak, response time, duration, volume, and
percent rise. These attributes from the identified rainfall-runoff events are then analyzed
to answer research questions regarding variability in rainfall-runoff patterns within and
between watersheds. This algorithm utilizes the open-source Python and R programming
languages and the MATLAB programming platform for various components. For a
detailed work flow diagram, see Appendix B Fig. 18.

Fig. 4 Overview schematic of the RREDI algorithm inputs and outputs. For a identified
watershed, the RREDI algorithm first (a) identifies distinct rainfall-runoff events using
feature detection and signal processing of daily streamflow and precipitation data
(Section 3.4.2) and then (b) calculates a suite of rainfall-runoff attributes using high
frequency instantaneous precipitation data and 15-minute flow (Section 3.4.3). Rainfallrunoff event attributes are then analyzed.

3.4.1 RREDI algorithm data inputs
The hydrologic data inputs to the RREDI algorithm include high-frequency flow
and precipitation data. The 15-minute flow data is required for complete analysis. Daily
and hourly streamflow data are also needed, but R scripts were developed to aggregate
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and format daily and hourly values from the 15-minute flow data. The RREDI algorithm
requires daily flow values greater than one m3/s.
Instantaneous precipitation data is required for rainfall-runoff event analysis. For
time accumulated precipitation (e.g., NOAA and USGS sources) interpolation of time
accumulated rainfall in incorporated. Storms are identified from instantaneous tipping
bucket precipitation data using a MATLAB-based storm analysis tool from Murphy et al.
(2019) and incorporated into the RREDI algorithm. Storms are defined here as periods of
precipitation defined by a gap of a minimum of eight hours without any rainfall,
consistent with other analysis of storm events in post-wildfire analysis (Staley et al.,
2020). The storm start and end datetimes, 15-minute sequential and peak intensity,
duration, and depth are calculated by the storm analysis tool. Storms with a duration
equal to zero (representing a single isolated rain gage tip) and with a peak 15-minute
intensity less than 5 mm/hour were excluded in the subsequent analysis.

3.4.2 RREDI algorithm: event identification
The first step of the RREDI algorithm is to use feature detection and signal
processing of storm precipitation and daily flow data to identify event pairs (Fig. 4a).
Signal processing theory provides techniques including data smoothing, peak detection,
and window processing that can be used to detect features from a time-series of daily
streamflow data. Features are defined using the processed time-series data and are
extracted peaks or valleys of interest from the data (Patterson et al., 2020). The RREDI
algorithm is a modification of the fall pulse flow event identification within the Seasonal
Flow Detection Algorithm (SFDA) developed by Patterson et al., 2020. The SFDA
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identifies features by iteratively fitting a Gaussian filter to daily streamflow time series,
identifying hydrologic features, and windowing the identified feature to increase
resolution of hydrologic features of interest. A spline curve is then fitted to the smoothed
data, the derivative of which is then used to identify peaks and valleys based on a sign
change. After the peak is identified using the spline curve, the start and end of the flow
event is identified using a combination of the relative magnitude and slope of the
Gaussian filter within the window. Whereas the SFDA searches for the first flow event
occurring after October 1st (i.e., fall pulse flow), for the RREDI algorithm this same
feature detecting function was modified to identify all flow events occurring over the
period of record. The parameters defining the spline curve and gaussian filter were
calibrated using visual comparison of identifying peaks where more sensitive (smaller
value) parameters identify more peaks. One set of parameters was identified using the
summer 2021 flow data from three study area burned watersheds (Ike, Cinnamon, and
Grizzly Creeks) of varying contributing areas (11 to 100 km2). To promote replicability,
robustness, and reliability of the RREDI algorithm, future quantitative testing and
calibration of daily flow peak detection parameters is planned, see Section 3.4.4 for
detailed methods. The rate of rainfall-runoff event mis-identifications will be reported to
demonstrate RREDI algorithm applicability.
Once all the peak flow and storm events are identified, they are paired together to
form a single rainfall-runoff event (Fig. 5a). For every rainfall event, the RREDI
algorithm searches for a subsequent runoff peak. If a runoff peak is found, the rainfall
and runoff peak are paired, returning a paired rainfall-runoff event. To return a pair, the
runoff event must start the same or one day later than the start of the storm. If multiple
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flow events meet the criteria for a single storm, they are all returned as individual paired
events. If no flow event is found, no paired event is returned, but this lack of a paired
runoff event is retained. This provides additional information on rainfall events that result
in no runoff response.

Fig. 5 RREDI output plots for event identification and event attribution steps, in an
example study watershed (Ike Creek). (a) For the annual hydrograph using daily flow,
identified rainfall-runoff events are designated by the dark green markers based on storm
precipitation and daily flow data for Ike Creek water year 2021. (b) The attribution of
rainfall-runoff events is completed by identifying the event start, peak, and end using 15minute flow and instantaneous precipitation data for a single rainfall-runoff event pair.

3.4.3 RREDI algorithm: event attribution
For each identified rainfall-runoff event, 15-minute flow and instantaneous
precipitation 15-minute intensity are used to calculate a set of event attributes within the
RREDI algorithm (Fig. 4b). To identify a higher resolution runoff start, peak, and end
datetime and magnitude, the RREDI algorithm first windows the 15-minute flow data
from the start of the rainfall event to the end (Fig. 5b). The runoff peak is then searched
for within a 24-hour moving window from the start of the storm. The maximum flow
value within the search window is identified as the runoff peak.

27
To identify the start and end of runoff, the mean hourly flow is used to smooth out
some of the noise that exists in the 15-minute flow data. To identify the runoff start,
hourly flow is windowed from the storm start to the runoff peak (rounded to the hour).
The runoff start is identified when the second derivative of the hourly flow exceeds a
value of 0.04. The second derivative of the hourly flow is used to identify change in slope
as the flow begins to increase, decrease noise within the data, and promote ability to
translate the calibrated parameter between watersheds. This parameter value was
determined based on visual inspection of the study watershed hydrologic data. Future
quantitative testing and calibration of 15-minute flow event attribution parameters is
planned, see Section 3.4.4 for detailed methods.
To identify the runoff end, the hourly flow is windowed from the runoff peak to
the end of the window. The runoff end is identified when the hourly flow decreases
below 75% of the rise from the start to peak flow. A decrease of 75% was selected to
account for any increase in baseflow contribution to the flow possible during the event. A
calibrated change in slope parameter (similar to that used to identify the runoff start) was
tested but not found to be as transferrable between watersheds, likely due to the
difference in falling limb rates between watersheds. With the runoff start, peak, and end
datetime and magnitude identified, the set of attributes are then calculated within the
rainfall-runoff algorithm (Fig. 6).
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Attributes
Time to peak
T1 (Tl,i)*
Response time
Tr (Tr,i)*
Duration (rise, fall)
Td (Tdr ,Tdf)
Volume total (rise, fall)
Vt (Vr , Vf)
Rise (absolute, %)
Area normalized peak
(Qpk/contributing area)
Fig. 6 Rainfall-runoff event attributes extracted by the RREDI algorithm from flow (Q)
and precipitation (P) data. Shown is an example hydrograph for an individual event
where baseflow (QB) and peak flow (Qpk) are shown. An increase of 25% in baseflow is
depicted. QB and Qpk area used to calculate the absolute and percent rise of the flow
event. Additional calculated attributes are shown (black arrows). Note that time to peak
and response time are both extracted from start of storm and time of peak 15-minute
intensity, identified by the ‘i’.

3.4.4 Future RREDI algorithm calibration and testing
Quantitative calibration and testing of the RREDI algorithm is planned for future
work to evaluate algorithm performance and promote replicability, robustness, and
reliability. Calibration of the daily flow peak detection and 15-minute flow event
attribution parameters is needed to appropriately identify and characterize flow events.
The planned methods to calibrate these parameters are based on the methods used by
Patterson et al., 2020 to calibrate the SFDA, which is used as the basis for the RREDI
algorithm peak detection feature. We will apply and calibrate the RREDI algorithm using
available burned watersheds in the western US with USGS gages through the following
steps. First, a historical wildfire dataset will be compiled consisting of wildfires identified
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in the Monitoring Trends in Burn Severity (MTBS) database (Eidenshink et al., 2007)
from 1984 - 2020 that burned greater than five percent of a USGS gaged watershed in the
GAGES-II dataset (Falcone, 2011) with an overlapping fire ignition date with the daily
flow period of record. Next, a subset (n~50) of burned USGS gages will be selected to
span a range of contributing areas, percent area burned, and available flow period of
records pre- and post-fire. The nearest precipitation gage from the NOAA Cooperative
Network will be used as precipitation data input. The RREDI algorithm will be applied to
the full period of record of each selected gage, and manually calibrated based on visually
identified start, peak, and end of rainfall-runoff events. The collection of calibrated
parameters will then be gathered and evaluated together to identify calibrated parameter
values for groupings of watersheds. Each site will be manually inspected to identify
runoff peaks that were mis-identified. Causes for mis-identified events will be identified
and categorized. Additional code will then be developed to automate the flagging of each
category of mis-identified events by RREDI which will then be applied to the full historic
wildfire dataset. Finally, the rate of each event mis-identification category will be
reported to provide a quantitative evaluation of RREDI algorithm performance and
detailed assessment of limitations.

3.5 Framework applied to Study Site
The analytical framework was applied at the Grizzly Creek Fire study site
watersheds. The RREDI algorithm was used to analyze the collected hydrologic data for
the post-snowmelt season in summer 2021 (June - September 2021) and continuous flow.
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The RREDI algorithm was applied to Cinnamon, Grizzly, Ike, and Canyon Creek
watersheds and the Colorado River below Grizzly Creek monitoring location (Fig. 3a).
First, for each watershed, a set of paired precipitation gages was identified for
rainfall-runoff event identification. It was assumed that the paired rain gage for each
watershed was representative of the precipitation inputs across that watershed. The period
of record for no rain gages covered the complete analysis period, so multiple rain gages
were selected for rainfall-runoff response analysis in each watershed. The selection of
paired rain gages was first prioritized based on if they were within the upstream
watershed. If there were multiple rain gages within the watershed, to promote comparison
between events, the rain gage with the longest period of record was selected. If there
were no rain gages within the watershed (or there was a time gap in the analysis period)
the nearest rain gage was selected, prioritizing those located on the same side of
Glenwood Canyon (i.e., on the north or south side of the Colorado River).
The RREDI algorithm was applied to each of the paired watershed flow and rain
gage datasets to identify rainfall-runoff events. The flow periods of record were
multiplied by a constant factor for event identification because the RREDI algorithm
requires daily flow values greater than one m3/s. A single set of algorithm parameters was
used for all study watersheds. Manual visual inspection of the identified rainfall-runoff
events was performed to verify that rainfall-runoff events were being appropriately
identified in all watersheds. Mis-identified rainfall-runoff events including repeat
identified rainfall-runoff events from overlapping paired precipitation and long duration
(>24hr) low peak runoff events were manually discarded and not further included in the
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analysis. Repeat identified events with the lowest rainfall start time to runoff start time
were kept.
Following the application of the RREDI algorithm, the address our three research
questions we plotted the identified rainfall attributes against paired runoff attributes (Q1)
and the rainfall-runoff attributes against study watershed characteristics (Q2). Finally, we
compared the rainfall-runoff response of similar storm events in time (Q3).

4 Results

4.1 Precipitation analysis
We observed high variability in precipitation timing, peak 15-minute intensity,
duration, and depth across the rain gages. Based on data from the 11 rain gages and visual
inspection of the available historic radar (NOAA National Centers for Environmental
Information, n.d.), most precipitation events during the analysis period were driven by the
monsoon and characterized by intense, short-duration, small spatial coverage
thunderstorm cells. In periods of monsoon activity, thunderstorm cells would build and
move over the area in span of hours, with multiple thunderstorm cells forming in the
afternoons.
The historic radar revealed that storm formation and paths varied daily,
contributing to the high spatial variability in precipitation recorded among the rain gages.
Radar from an example storm event on July 31st is shown in Appendix C Fig. 20. Storm
paths moved across Glenwood Canyon in all directions throughout the summer. The
spatial coverage of the highest radar intensity area of the thunderstorm cells was highly
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localized within the study area on the order of 100 km2. As a result, precipitation
occurrence, duration, peak 15-minute intensity, and depth varied substantially across the
study area between watersheds for any individual storm. The burned study watersheds
were frequently influenced by the same storms as the thunder cells moved through or
across Glenwood Canyon whereas Canyon Creek, the westernmost unburned watershed,
was influenced by different storm cells.
One longer duration (40 hour) frontal system was observed on August 18, 2021
and moved from west to east across the study area. For this storm, the rain gages recorded
lower and more uniform storm peak 15-minute intensity over the entire study area with
only a few rain gages measuring localized higher peak 15-minute intensities.

4.2 Rainfall-runoff response within watersheds (Q1)
The RREDI algorithm identified and calculated attributes for a total of 17 unique
rainfall-runoff events across four study watersheds, including three events in Grizzly
Creek, six events in Ike Creek, two events in Cinnamon Creek, and six events in Canyon
Creek. No events were identified in Cottonwood Creek due to insufficient flow, likely
due in large part to summer irrigation withdrawals. No flow was measured in French
Creek until the first monsoon influenced thunderstorm on June 26th with a peak 15minute rainfall intensity of 35.5 mm/hr, indicating a highly ephemeral system. Due to
loss of monitoring equipment during that event no additional monitoring data was
collected at French Creek. As a result, French Creek and Cottonwood Creek watersheds
are not further included in this analysis. Comparison of selected rainfall attributes (peak
15-minute intensity, duration, and depth) and runoff attributes (area normalized peak

33
discharge, percent rise, time to peak, and flow duration) of the identified rainfall-runoff
events and additional rainfall events without any runoff response are shown in Fig. 7.
Note that due to the influence of irrigation withdrawals in Canyon Creek, analysis of
within watershed variability of peak magnitude attributes including area normalized peak
and percent rise is included but analysis on rainfall-runoff timing attributes including
time to peak and flow duration is not.
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Fig. 7 Rainfall-runoff event attribute variability in four study watersheds. Shown are the
17 identified rainfall-runoff event pairs and additional rainfall events with no identified
runoff response (shown as runoff attribute zero values) that occurred during the analysis
period. Grizzly Creek events are shown in yellow, Ike Creek events in red, Cinnamon
Creek events shown in orange, and Canyon Creek events in green. Plotted is (a) storm
peak 15-minute intensity versus area normalized peak discharge, (b) storm duration
versus area normalized peak discharge, (c) storm depth versus area normalized peak
discharge, (d) storm peak 15-minute intensity versus flow percent rise, (e) storm peak 15minute intensity versus time to peak, and (f) storm peak 15-minute intensity versus flow
duration.
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Within each watershed, both rainfall and runoff attributes were highly variable.
Across all 17 identified rainfall-runoff events in the study area, the range of peak 15minute intensity experienced ranged from 6 to 71 mm/hr across all four watersheds (Fig.
7a). Additionally, the identified storm events exhibited a range of 1 to 40 hours in
duration (Fig. 7b) and a depth of 4 to 44 mm (Fig. 7c). The range in the area normalized
peak discharge for Grizzly Creek was 2.0 to 7.7 L/s/km2, 2.8 to 12.9 L/s/km2 in Ike
Creek, 1.8 to 1.9 L/s/km2 in Cinnamon Creek, and 5.0 to 6.5 L/s/km2 in Canyon Creek
(Fig. 7a). The range in the percent rise for Grizzly Creek was 25 to 361%, 39 to 1200% in
Ike Creek, 23 to 42% in Cinnamon Creek, and 32 to 101% in Canyon Creek (Fig. 7d).
Flow events with a percent rise far in exceedance of 100% were observed in the burned
Grizzly and Ike Creeks. The range in time to peak for events in Grizzly Creek was 2.5 to
3.25 hours, 1.5 to 40.75 hours in Ike Creek, and 1.5 to 4.5 hours in Cinnamon Creek (Fig.
7e). Ike Creek exhibited a large range in time to peak, with the > 40-hour response
attributable to the long duration precipitation event that occurred across the study area in
mid-August. Despite precipitation occurrence within the watersheds, no unique paired
runoff events were identified in Cinnamon Creek because the event was outside of the
flow period of record and in Grizzly Creek because the runoff event rising limb slope did
not exceed the runoff event start identification threshold. When considering only the
thunderstorm events driven by the monsoon, the maximum time to peak in Ike Creek was
7.25 hours. The range in runoff duration for events in Grizzly Creek was 1 to 27 hours, 1
to 12.5 hours in Ike Creek, and 12.25 to 23 hours in Cinnamon Creek (Fig. 7f). The
largest range in runoff duration was observed in Grizzly Creek, with the smallest range
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observed in Ike Creek. Rainfall-runoff attributes for all events are in Appendix C Table 4
to Table 6.

4.3 Rainfall-runoff response between watersheds (Q2)
Variation in rainfall-runoff response between study watersheds may be influenced
by differences in watershed and burn characteristics. None of the study watersheds
burned 100% of the watershed contributing area. Therefore, the influence of watershed
characteristics on the rainfall-runoff response was evaluated by considering the percent
area burned. Fig. 8 shows the influence of percent area burned, elevation, and slope on
two runoff attributes.
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Fig. 8 Rainfall-runoff characteristics evaluation. Shown are the 17 unique identified
rainfall-runoff events plotted against mean characteristics values for different evaluated
spatial coverages including the entire watershed (circles), the burned portion of the
watershed (squares), and the burned portion of the watersheds classified as high or
moderate severity (triangles). The size of each point corresponds to the peak 15-minute
intensity of the associated storm event. Grizzly Creek events are shown in yellow, Ike
Creek events in red, Cinnamon Creek events shown in orange, and Canyon Creek events
in green. Plotted is (a) percent watershed area burned versus area normalized peak, (b)
mean elevation versus area normalized peak, (c) mean slope versus area normalized peak,
(d) percent watershed area burned versus time to peak, (e) mean elevation versus time to
peak, and (f) mean slope versus time to peak.
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The average percent area burned for all study watersheds was 34% and the
average percent area burned at high and moderate severity was 22% (Fig. 8a, d). For the
five burned study watersheds, the mean elevation of the entire watersheds was 2786 m,
the mean elevation of the burned portion of the watersheds was 2515 m, and the mean
elevation of the burned portions at high and moderate severity was 2479 (Fig. 8b, e). For
the five burned study watersheds, the mean slope of the entire watersheds was 14°, the
mean slope of the burned portion was 24°, and the mean slope of the burned portions at
high and moderate severity was 23° (Fig. 8c, f).
A large scatter in the rainfall-runoff characteristics plots (Fig. 8) is observed for the
study watersheds. Without a larger dataset, statistical analysis identifying trends for
watershed and burn characteristic influence on rainfall-rainfall analysis was not possible.
Looking across the small set of study watersheds for generalized visual observations,
mean watershed area normalized peak decreased with increasing percent watershed area
burned and watershed area burned at high and moderate severity (Fig. 8a). Watershed
minimum time to peak also decreased with increasing percent burned area (Fig. 8d).
Mean watershed time to peak increased with mean elevation for both the entire watershed
and watershed area burned at high and moderate severity (Fig. 8e). Watershed time to
peak decreased with increasing slope for the entire watershed and the burned portion at
high and moderate severity (Fig. 8f). Trend analysis of the available data is not

4.4 Rainfall-runoff response for similar storm (Q3)
The seasonality of a storm (early summer versus late summer) resulted in
differences in the occurrence of rainfall-runoff events in different watersheds (Fig. 7).
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Similar storm events occurred across several monitored watersheds on July 5th (early
summer) with a peak 15-minute intensity of 20.9 mm/hr and September 3rd (late summer)
with a peak 15-minute intensity of 15.2 mm/hr (Appendix C Table 4). Following the July
5th storm, a streamflow event was only identified in Ike Creek. No streamflow response
was identified within Cinnamon or Canyon Creeks (this event was outside the Grizzly
Creek period of record). Canyon Creek was the only watershed with rainfall-runoff
response identified from the storm on September 3rd.
Prior events appear to have influenced rainfall-runoff events in some watersheds
with the occurrence of sequential storm events, however a limited number of events and
variable storm attributes made it difficult to identify and evaluate this influence. A
sequence of two events was identified on June 24th and 26th where the peak 15-minute
intensity of the first storm on June 24th was 38.6 mm/hr and the peak 15-minute intensity
of the second storm on June 26th was 16.8 mm/hr (Fig. 7a). Rainfall-runoff events were
identified in both Cinnamon and Ike Creeks from the first storm, but a response was only
identified in Cinnamon Creek from the second storm. The second rainfall event resulted
in a similar percent rise (9% difference) and area-normalized peak flow (0.1 L/s/km2
difference) despite a 21.8 mm/hr difference in peak 15-intensity (Fig. 7a, d). A second
sequence of three rainfall events occurred on July 28th - 31st with each subsequent storm
increasing in peak 15-minute intensity (23.4 mm/hr, 33.4 mm/hr, and 37.7 mm/hr
sequentially). Rainfall-runoff responses were identified Canyon Creeks for all three
sequential storms and Ike and Grizzly Creeks for the second two storms. Percent rise,
area normalized peak flow, and runoff duration all increased in all watersheds with each
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subsequent event while time to peak decreased in the burned watersheds and increased in
Canyon Creek (Fig. 7a, d, e, f).

5 Discussion

5.1 Precipitation interpretation
The monsoonal thunderstorms that dominated precipitation events in each study
watershed during the analysis period were highly localized, with high spatial and
temporal variability. As a result, the measurement of actual peak 15-minute intensities
and interpretation of precipitation measurements and effects between rain gages and
across watersheds was challenging. Increased uniformity of the single, long duration
frontal storm in the period of record made for more straightforward interpretation of
precipitation inputs across the study watersheds. To increase spatial understanding of the
storm paths and relative storm intensities, historic radar was used to interpret the path of
each storm event and increase understanding of watershed-scale precipitation inputs.
The 11 installed rain gages at the study site provided a spatial resolution for
interpretation of watershed specific precipitation inputs comparable to other event-scale
rainfall-runoff and sediment transport studies (Kunze & Stednick, 2006; Murphy et al.,
2019; Shope, 2016; Staley et al., 2017). The rain gage spatial resolution at the study site
was higher than that of publicly available western U.S. precipitation datasets, such as the
NOAA Cooperative Network. A lower spatial resolution often limits the analysis of
event-scale rainfall-runoff in larger and remote watersheds. Despite the higher spatial
resolution at the study site, the interpretation of precipitation inputs was still a challenge
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due to the high spatial variability in precipitation events produced by monsoon activity in
mountainous topography. In regions of lower relief and more dominated by frontal storm
systems, the interpolation of precipitation inputs between rain gages should be more
reliable. However, with the projected increase in occurrence of wildfires in the
mountainous western U.S. due to climate change (Abatzoglou et al., 2021), the variable
precipitation conditions observed at the study site during summer 2021 are likely to be
commonplace in future post-wildfire landscapes.
The challenge in obtaining reliable, high resolution rainfall data in the
mountainous western U.S. highlights a need for increasing precipitation data sources.
One such method is merging radar with rain gage observations to estimate the spatial and
temporal precipitation over a watershed (Crow et al., 2018). In our study historic radar
was used to interpret variations in events between rain gages and to gain a better visual
understanding of each storm as it formed and moved through the study area. However,
using radar to validate ground precipitation point measurements and interpolate between
gages is a method that could greatly enhance the confidence in interpretation of
precipitation inputs and measurement of peak 15-minute intensities for use in watershed
hydrology analysis and modeling applications.

5.2 Rainfall-runoff response within watersheds (Q1)
The large range of rainfall-runoff attributes within each watershed indicates that
rainfall variability is a controlling influence on rainfall-runoff response. The type of
precipitation event (thunderstorm events driven by the monsoon or large frontal system)
strongly influenced the high variability of precipitation attributes (peak 15-minute
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intensity, duration, and depth) observed across study watersheds. For the thunderstorm
events driven by the monsoon, peak 15-minute intensity was the most variable attribute
with little variation in duration. When considering all types of precipitation, the duration
of the frontal system (40hr) was significantly longer than any of the thunderstorm events
driven by the monsoon, increasing the range in duration but not altering the range in peak
15-minute intensity.
The variable ranges of rainfall attributes within each watershed resulted in a large
and variable range in runoff attributes (area normalized peak discharge, percent rise, time
to peak, and response duration). The largest range in peak 15-minute intensity, percent
rise and time to peak was observed in Ike Creek with six identified rainfall-runoff events.
Conversely, in Cinnamon Creek, with only two identified rainfall-runoff events, the range
in storm peak 15-minute intensity, percent rise, and time to peak was the smallest.
However, the range in response duration in Ike and Cinnamon Creeks were comparable.
This may indicate that some runoff attributes, including percent rise and time to peak, are
more influenced by variations in rainfall attributes than other runoff attributes including
response duration. Of the precipitation attributes, storm peak 15-minute intensity was
observed to be associated with a decreased scatter in runoff attributes more than the storm
depth and duration. Storm peak 15-minute intensity has been found to be a primary
control on rainfall-runoff response attributes in other burned watersheds (Kunze &
Stednick, 2006; Moody et al., 2008; Moody & Martin, 2001). The influence of
precipitation event attributes on rainfall-runoff response variability underlines the
importance of characterizing rainfall at the event-scale when analyzing rainfall-runoff
response.
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5.3 Rainfall-runoff response between watersheds (Q2)
The differences in the range of rainfall-runoff attributes between watersheds may
indicate the influence of key watershed and burn characteristics on the rainfall-runoff
response in burned watersheds. While some patterns were visually identified as described
below, due to limited data trends were not evaluated quantitatively. Additional analysis
with a greater number of rainfall-runoff events in a greater number of watersheds with
more variable characteristics would allow for increased analysis and identification of
controlling characteristics.
Observed patterns show watersheds with greater percent burned area associated
with decreased area normalized peak and decreased time to peak. We expected a greater
percent area burned to lead to a higher area normalized peak based on the literature
documenting that peak flows have been found to increase after fire (Beyene et al., 2021;
Gillard, 2019; Hallema et al., 2017; Moody & Martin, 2001; Saxe et al., 2018; Wilson et
al., 2020). However due to a limited period of record for the most burned watershed
(Cinnamon Creek) it is likely that the full range of possible response in Cinnamon Creek
was not captured and therefore not available for analysis making interpretation of patterns
incomplete (for both evaluation of this characteristic and all others). Watersheds with
lower elevations and steeper slopes were also associated with shorter time to peak. This
could also be indirectly attributed to the lower in elevation watersheds having smaller
contributing area, where a smaller contributing area has been shown to have shorter time
to peak (Dingman, 2015). Evaluation of these characteristics begins to revel how
differing watershed and burn characteristics may influence rainfall-runoff response
between watersheds.
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The small number of study watersheds and low overall variability in watershed
and burn characteristics made it difficult to parse out the effect of individual watershed
and burn characteristics on the rainfall-runoff response. Analyzing a small number of
study watersheds has previously been identified as a challenge in parsing rainfall-runoff
response between both watershed and burn characteristics (Kunze & Stednick, 2006;
Moody et al., 2008).
Even so, based on our hydrologic analysis of the first summer post-fire, we can
make some generalized comparison of individual study watersheds. Ike Creek and
Cinnamon Creek have similar contributing area, elevation, and slope, but Ike Creek was
much flashier, with larger rises and shorter response and duration times following storm
events, while Cinnamon Creek had much longer duration times due to long falling limbs
indicative of subsurface flow (Bachmair & Weiler, 2012). These differences may be
attributed to differences in watershed characteristics not substantially analyzed in this
work, such as underlying geology and soil characteristics, which may be contributing to
differences in subsurface flow contribution. Grizzly Creek and Canyon Creek also have
similar contributing area, elevation, and slope. However, Grizzly Creek was flashier by
the above metrics, while the influence of rainfall on runoff in Canyon Creek was difficult
to isolate due to the strong influence of irrigation withdrawals. However, it was
noteworthy how similar time to peak was in Grizzly Creek was in when compared to the
smaller burned Cinnamon and Ike Creek watersheds despite the large differences in
contributing area.
A comparison of post-wildfire rainfall-runoff attributes from our study watersheds
with other studies indicates similarity in response. The burned watersheds studied by
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Kunze & Stednick, 2006 and Moody et al., 2008 were smaller (<5km2) than any of the
Grizzly Creek Fire study watersheds, which generally reduced the possible ranges in
watershed characteristics. The watersheds in the Kunze & Stednick, 2006 and Moody et
al., 2008 studies were all 100% burned, and while burn characteristic variability still
existed from varying burn severity, this decreased the complexity introduced when only a
portion of the watershed burns. A comparison of the area normalized peak values from
the Kunze & Stednick, 2006 study at the Bobcat Fire, CO found that the area normalized
peak values were one to two orders of magnitude smaller in the Grizzly Creek Fire
(Kunze & Stednick, 2006). A comparison of the collection of fully burned watersheds in
the western US analyzed by Moody & Martin, 2001 also found that in watersheds of the
same order of magnitude contributing area as the Grizzly Creek Fire study watersheds the
area normalized peaks were one order of magnitude smaller in the Grizzly Creek Fire
study watersheds (Moody & Martin, 2001). This difference in area normalized peaks may
be a result of varying watershed and burn characteristics including lower total percent
area burned and percent area burned at high and moderate severity or greater soil
infiltration in the Grizzly Creek study watersheds.

5.4 Rainfall-runoff response for similar storms (Q3)
The seasonality of rainfall-runoff events within the analysis period, from early to
late summer, may help explain the differences in rainfall-runoff response observed within
the same study watersheds for similar storm events. The snowmelt pulse in the large
watersheds did not end until early-July, resulting in no identified early season rainfallrunoff events in these watersheds (Grizzly and Canyon Creeks). This is because rain-on-
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snow events were not included in this analysis as these types of events are influenced by
the additional factor of the condition of the snowpack that is not considered in this in this
analysis (Mazurkiewicz et al., 2008; Würzer et al., 2016). Later in the season, rainfallrunoff events were only identified in Canyon Creek. During the summer, there were
numerous peak 15-minute intensity precipitation events that resulted in significant runoff
events in the burned watersheds. The lack of rainfall-runoff events in the burned
watersheds from the lower peak 15-minute intensity storms in the later summer may be a
result of changing hydrologic pathways and changing threshold values as the watershed
began to recover through the summer as vegetation began to regrow (Santi & Rengers,
2020; Wagenbrenner et al., 2021). An assessment of altered hydrologic pathways via
revegetation of slopes through the season using normalized difference vegetation index
(NDVI) would add additional evidence of the influence of seasonality on rainfall-runoff
response.
Rainfall-runoff response in Cinnamon Creek also appeared to be influenced by
prior storm events. Percent rise and area normalized peak flow in two storms separated
by one day were similar in magnitude despite the second storm having a lower peak 15minute intensity by 21.8 mm/hr. The comparable rainfall-runoff responses between the
two events may have been influenced by increased antecedent soil moisture conditions
after the first storm, decreasing infiltration capacity and increasing runoff (Brocca et al.,
2009). No runoff response from the second storm was observed in Ike Creek. No
additional influence from prior events was identified in any of the other study watersheds
throughout the analysis period. This may be due to a data limitation where no other
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sequences of similar (or smaller second) storms were identified for analysis of the
influence of prior storms on rainfall-runoff response.

5.5 RREDI algorithm considerations
The RREDI algorithm was developed to automate rainfall-runoff event
identification and calculate attributes based on a limited set of events spanning a large
range of watershed characteristics. This made it difficult to identify one set of algorithm
parameters that could be applied at all study watersheds. In the Grizzly Creek Fire study
watersheds, it was found that peak detection parameters to correctly identify runoff peaks
in small watersheds (<20km2) were overly sensitive in large watersheds (>20km2)
resulting in over-identification of peaks. To ensure rainfall-runoff events were correctly
identified, visual inspection of events was completed for all study watersheds where misidentified events were manually removed from the dataset. Planned quantitative testing
and calibration of the RREDI algorithm as described in section 3.4.4 is expected to will
alleviate this issue by providing guidance on appropriate RREDI algorithm parameter
values for specified ranges of watershed contributing area, as a proxy for flow. The end
goal is for manual visual inspection to no longer be required for a fully automated
process that is robust, reliable, and replicable.
A precipitation gap of eight hours was used when identifying storms using the
storm analysis tool for consistency with other post-wildfire studies (Staley et al., 2020).
In the monsoon driven precipitation regime observed in the study area during summer
2021, the 8-hour gap was appropriate for separating daily precipitation driven by
monsoon activity but unable to separate individual thunderstorm cells within a single

48
afternoon. In order to separate individual thunderstorm cells a significantly shorter
precipitation gap (such as one hour) would be needed. By identifying individual
thunderstorm cells rainfall-runoff timing attributes including time to peak and response
time would be more reliable. However, such a short time gap may not be appropriate for
longer duration frontal storms due to short breaks in precipitation within a storm front,
making it important to identify the dominant precipitation event type prior to using the
storm analysis tool.

5.6 Monitoring challenges
Hydrologic monitoring in post-wildfire environments is extremely challenging
due to the highly dynamic nature of post-wildfire environments (Moody, 2013), and we
encountered numerous challenges related to coordination, field safety, and equipment
losses and damage. Due to the unpredictable spatial nature of wildfires, planned baseline
data collection was impossible. For this study, pre-fire monitoring did not exist.
Beginning hydrologic monitoring immediately post-wildfire is important, because rainfall
events immediately following the fire are critical in the alteration of hydrologic pathways
(Santi & Rengers, 2020). Timely post-wildfire installation of monitoring equipment
required rapid funding, site selection, equipment solicitation, and land access
coordination. During and immediately following the fire, land owners and agency
managers were busy with the fire, which made getting in contact, coordinating site access
and escort, and submittal and approval of necessary permits a challenge. Due to the
critical nature of our research for informing land and water resources management, land
owners were generally eager to work with us and were interested in our findings.
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Safety and continued access through summer 2021 was a large concern due to the
active monsoon resulting in high peak 15-minute intensity precipitation and numerous
debris flows at the study site. Site access for most study watersheds was via Interstate-70
through Glenwood Canyon, which was frequently closed by CDOT during periods of
NWS forecasted flooding. Additional safety concerns of working in burned area channels
include the capacity for flash floods, debris flows, and falling of burned-out trees. As a
result, collecting discharge measurements during storm events was impossible, making
development of stage-discharge rating curves at higher flows challenging. This challenge
was mitigated by installing on-site trail cameras in stable locations outside of the channel
to photograph the flow every hour.
Finally, when installing equipment on public lands, efforts should be made to
install equipment away from high-use recreation areas to decrease risk of tampering. In
this study, site selection and access required that we install equipment both in high traffic
areas (near recreational trails) and in remote locations. All equipment was securely
fastened but not locked, and it was marked with our contact information. When installing
pressure transducers, we evaluated risk to recreators and equipment and took safety
precautions such as locating equipment out of the way, against large rocks, or driving
stakes far into the channel bed to minimum the length sticking out of the bed. During the
study period, tampering to equipment included a rain gage that was used as a shooting
target and one trail camera that was chewed on by a bear.
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5.7 Future work
Subsequent studies and management decisions will be more informed by
continuing to increase our understanding of post-wildfire rainfall-runoff controls.
Through identification of influencing controls, we can ensure that controls are not
overlooked or generalized when developing monitoring and modeling studies. The
evaluation and identification of the possible range of post-wildfire rainfall-runoff
response will aid in resource management decision making. Future work includes
continued monitoring at the study site, expanded use of the RREDI algorithm to a larger
dataset including many historic wildfires (including quantitative testing and calibration),
and leveraging findings to inform ongoing post-wildfire sediment transport modeling
efforts (e.g., Murphy et al., 2019) .
Continued precipitation and streamflow monitoring at the Grizzly Creek Fire
study site in future years will provide additional hydrologic data allowing for
investigation into multi-year climate variability and watershed recovery (vegetation
regrowth). These are additional controls to potentially consider when evaluating rainfallrunoff response patterns that were not evaluated in this study with just the one-year postwildfire data.
Future application of the RREDI algorithm may be completed after quantitative
testing and calibration of RREDI is completed (as outlined in section 3.4.4). Applying
RREDI to a larger dataset including all historic burned gaged watersheds in the western
U.S. would provide greater insight into rainfall-runoff event patterns and the influences
of watershed and burn characteristics by considering a larger range of storm and
watershed characteristics. The RREDI algorithm may be further applied to other rainfall-
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runoff event-scale analysis outside of post-wildfire hydrology. Other disciplines
leveraging event-scale rainfall-runoff that could benefit from the RREDI algorithm
include urbanization studies (Chang, 2007; Hopkins et al., 2015; Meierdiercks et al.,
2010), climate change studies (Muzik, 2002; Steenbergen & Willems, 2012), water
quality studies (Fučík et al., 2012; Tomer et al., 2010), and sediment transport studies
(López-Tarazón et al., 2010; Tuset et al., 2016).
Results from our study can also be used to inform appropriate hydrologic forcing
for post-wildfire sediment transport routing within the Wildfire Erosion and
Sedimentation Toolkit (WEST) (Murphy et al., 2019). The toolkit models the cascade of
sediment through burned catchments from hillslope erosion and debris flow generation
(Gannon et al., 2019; Staley et al., 2017) which is delivered to the river network then
routed downstream (Czuba, 2018). Presently, to route the sediment downstream, simple
scaling factors are applied to pre-fire streamflow data to estimate a range of possible
post-wildfire streamflow. As discussed in this paper, there are numerous spatially
variable controls on post-wildfire rainfall-runoff response that should be considered in
determining post-wildfire streamflow inputs to WEST.

6 Conclusions

Event-scale post-wildfire rainfall-runoff variability was investigated across space
and time to identify rainfall-runoff patterns and controls to increase understanding and
aid in anticipation of post-wildfire hydrologic impacts. To disentangle hydrologic
controls, we developed a transparent, repeatable analytical framework to collect
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hydrologic data, identify rainfall-runoff events, and analyze rainfall-runoff event
attributes. To automate rainfall-runoff event identification and analysis, the RREDI
algorithm was developed. Hydrologic monitoring at the study site was conducted for
water year 2021, the first-year post-fire at the Grizzly Creek Fire study site. Seventeen
rainfall-runoff events were identified in seven study watersheds and analyzed for the
period of summer 2021 to identify rainfall-runoff patterns and controls at the study site.
The variability in rainfall-runoff attributes was large, indicating a large number of
complex physioclimatic controls on the runoff response. Evaluated rainfall-runoff
controls include precipitation attributes (peak 15-minute intensity, duration, depth),
spatial heterogeneity of watershed and burn characteristics, and temporal controls
including seasonality and prior storm events. The observed rainfall-runoff attribute
variability is large within and between watersheds and through time, demonstrating the
importance of adequately considering a number of rainfall-runoff controls. Investigation
of the event-scale rainfall-runoff response through space and time is critical to obtaining
a more complete understanding of physioclimatic controls that may otherwise be lost
when looking at a few select watersheds or over long timescales.
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Appendix A. Grizzly Creek Fire hydrologic monitoring

Fig. 9 Cinnamon Creek hydrologic monitoring. Shown is (a) Cinnamon Creek channel,
(b) water year 2021 hydrograph, and (c) developed stage-discharge rating curve.
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Fig. 10 French Creek hydrologic monitoring. Shown is (a) French Creek channel and (b)
water year 2021 hydrograph.
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Fig. 11 Grizzly Creek hydrologic monitoring. Shown is (a) Grizzly Creek channel, (b)
water year 2021 hydrograph, and (c) developed stage-discharge rating curve.
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Fig. 12 Ike Creek hydrologic monitoring. Shown is (a) Ike Creek channel, (b) water year
2021 hydrograph, and (c) developed stage-discharge rating curve.
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Fig. 13 No Name Creek hydrologic monitoring. Shown is (a) No Name Creek channel,
(b) water year 2021 hydrograph, and (c) developed stage-discharge rating curve.
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Fig. 14 Canyon Creek hydrologic monitoring. Shown is (a) Canyon Creek channel, (b)
water year 2021 hydrograph, and (c) developed stage-discharge rating curve.
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Fig. 15 Cottonwood Creek hydrologic monitoring. Shown is (a) Cottonwood Creek
channel.
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Fig. 16 Colorado River below Grizzly Creek hydrologic monitoring. Shown is (a)
Colorado River below Grizzly Creek channel, (b) water year 2021 hydrograph, and (c)
developed stage-discharge rating curve.
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Fig. 17 Spruce tipping bucket rain gage installed by the authors. The same set-up is used
for the three USGS rain gages not equipped with telemetry.

74
Appendix B. RREDI algorithm

Fig. 18 RREDI algorithm workflow diagram.
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Appendix C. Application of RREDI algorithm to Study Site

Fig. 19 Flow balance diagram for Glenwood Canyon. Shown is the daily flow balance
from the bounding USGS gages up and downstream of Glenwood Canyon (blue), the
daily flow balance for the fire perimeter (orange) and the sum of the monitored
contributing watersheds within the fire perimeter (grey dashed) including Cinnamon
Creek (yellow), Ike Creek (green), and Grizzly Creek (red). Also shown is No Name
Creek (dark blue) not included in the fire perimeter flow balance.
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Fig. 20 Precipitation variability example for a single storm on July 31, 2021 showing
historic radar through time (1-8) for the duration of the storm where blue and light green
are lower intensity rainfall and orange to red are highest intensity rainfall.
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Fig. 21 RREDI algorithm output for Cinnamon Creek for two identified rainfall-runoff
events.

78

Fig. 22 RREDI algorithm output for Grizzly Creek for three identified rainfall-runoff
events.
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Fig. 23 RREDI algorithm output for Ike Creek for six identified rainfall-runoff events.
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Fig. 24 RREDI algorithm output for Canyon Creek for six identified rainfall-runoff
events.
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Fig. 25 RREDI algorithm output for Colorado River below Grizzly Creek for zero
identified rainfall-runoff events.

French Creek
No flow.
No Name Creek
Insufficient period of record.
Cottonwood Creek
No analysis period flow.

84

Table 4 Identified rainfall-runoff event precipitation attributes in study watersheds.
Event
#

Watershed

Rain gage

1

Grizzly

2

Grizzly

3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Grizzly
Ike
Ike
Ike
Ike
Ike
Ike
Cinnamon
Cinnamon
Canyon
Canyon
Canyon
Canyon
Canyon
Canyon

Windy Point
Deadman's
Creek
Windy Point
USGS2
Spruce
Spruce
Cinnamon Creek
Cinnamon Creek
Cinnamon Creek
USGS1
USGS1
Windy Point
Windy Point
Windy Point
Windy Point
Windy Point
Windy Point

7/29/2021 22:20

Storm peak 15minute intensity
datetime
7/29/2021 21:57

Storm peak 15minute intensity
(mm/hr)
33.4

Storm
depth
(mm)
21.1

Storm
duration
(hr)
2.4

7/31/2021 16:00

7/31/2021 19:40

7/31/2021 16:37

37.6

43.9

3.7

8/6/2021 14:40
6/24/2021 17:52
7/5/2021 09:35
7/20/2021 20:57
7/29/2021 16:30
7/31/2021 15:41
8/18/2021 08:30
6/24/2021 17:56
6/26/2021 11:51
7/28/2021 20:43
7/29/2021 19:55
7/31/2021 16:16
8/18/2021 07:25
9/1/2021 13:45
9/3/2021 08:29

8/6/2021 22:05
7/24/2021 20:01
7/5/2021 20:33
7/21/2021 1:21
7/29/2021 21:35
7/31/2021 18:55
8/20/2021 0:45
7/25/2021 0:12
6/26/2021 16:32
7/28/2021 21:35
7/29/2021 22:20
7/31/2021 20:20
8/19/2021 2:40
9/1/2021 18:10
9/3/2021 16:35

8/6/2021 15:47
6/24/2021 18:05
7/5/2021 19:27
7/20/2021 21:39
7/29/2021 20:52
7/31/2021 16:37
8/19/2021 10:28
6/24/2021 18:03
6/26/2021 16:18
7/28/2021 20:50
7/29/2021 21:57
7/31/2021 16:55
8/18/2021 16:57
9/1/2021 16:04
9/3/2021 09:07

6.4
38.6
20.9
48.8
70.1
71.3
10.2
38.6
16.8
23.4
33.4
37.7
58.9
5.6
15.2

3.8
22.1
7.6
25.4
30.0
43.4
40.6
22.4
7.4
11.9
21.1
33.8
34.8
8.9
7.9

7.4
2.2
11.0
4.4
5.1
3.2
40.3
6.3
4.7
0.9
2.4
3.7
19.3
4.4
8.1

Storm start
datetime

Storm end
datetime

7/29/2021 19:55
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Table 5 Identified rainfall-runoff event runoff attributes in study watersheds.
Event #

Watershed

Runoff start
datetime

Runoff peak
datetime

Runoff end
datetime

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Grizzly
Grizzly
Grizzly
Ike
Ike
Ike
Ike
Ike
Ike
Cinnamon
Cinnamon
Canyon
Canyon
Canyon
Canyon
Canyon
Canyon

7/29/2021 21:00
7/31/2021 16:00
8/6/2021 17:00
6/24/2021 18:00
7/5/2021 09:35
7/20/2021 22:00
7/29/2021 21:00
7/31/2021 16:00
8/19/2021 23:00
6/24/2021 17:56
6/26/2021 11:51
7/28/2021 20:00
7/29/2021 19:00
7/31/2021 16:00
8/18/2021 12:00
9/1/2021 13:00
9/3/2021 14:00

7/29/2021 23:15
7/31/2021 18:30
8/6/2021 17:15
6/24/2021 20:00
7/5/2021 16:45
7/20/2021 22:30
7/29/2021 22:30
7/31/2021 18:00
8/20/2021 01:15
6/24/2021 19:30
6/26/2021 16:15
7/29/2021 07:00
7/30/2021 07:30
8/1/2021 07:15
8/20/2021 02:30
9/2/2021 07:45
9/4/2021 08:00

7/31/2021 00:00
7/31/2021 20:00
8/6/2021 18:00
6/25/2021 00:00
7/5/2021 22:00
7/20/2021 23:00
7/29/2021 23:00
7/31/2021 20:00
8/20/2021 03:00
6/25/2021 17:00
6/27/2021 00:00
7/29/2021 11:00
7/30/2021 13:00
8/2/2021 15:00
8/20/2021 16:00
9/2/2021 13:00
9/4/2021 14:00

Runoff start
magnitude
(m3/s)
0.151
0.167
0.163
0.014
0.017
0.028
0.018
0.017
0.013
0.014
0.015
0.224
0.176
0.177
0.223
0.258
0.207

Runoff peak
magnitude
(m3/s)
0.330
0.768
0.204
0.035
0.027
0.039
0.045
0.047
0.163
0.020
0.020
0.311
0.321
0.356
0.377
0.343
0.402

Runoff end
magnitude
(m3/s)
0.170
0.171
0.145
0.016
0.017
0.022
0.019
0.020
0.015
0.014
0.016
0.229
0.172
0.183
0.238
0.243
0.227
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Table 6 Identified rainfall-runoff event calculated rainfall-runoff attributes in study watersheds.
Event # Watershed
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Grizzly
Grizzly
Grizzly
Ike
Ike
Ike
Ike
Ike
Ike
Cinnamon
Cinnamon
Canyon
Canyon
Canyon
Canyon
Canyon
Canyon

Rise Runoff rise Runoff peak/area Time to peak Response time Runoff duration
(m3/s)
(%)
(L/s/km2)
(hr)
(hr)
(hr)
0.179
118
3.3
3.3
0.0
27.0
0.601
361
7.7
2.5
0.0
4.0
0.041
25
2.0
2.6
0.1
1.0
0.021
142
2.8
2.1
0.0
6.0
0.010
58
2.1
7.2
0.0
12.4
0.011
39
3.1
1.5
0.0
1.0
0.028
157
3.6
6.0
0.2
2.0
0.030
175
3.7
2.3
0.0
4.0
0.150
1196
12.9
40.8
1.6
4.0
0.006
42
1.8
1.6
0.0
23.1
0.005
33
1.9
4.4
0.0
12.2
0.087
39
5.0
10.3
0.0
15.0
0.145
82
5.2
11.6
0.0
18.0
0.179
101
5.7
15.0
0.0
47.0
0.154
69
6.1
43.1
0.2
52.0
0.085
33
5.5
18.0
0.0
24.0
0.194
94
6.5
23.5
0.2
24.0
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Appendix D. Geospatial analysis

Fig. 26 Distribution of elevation in six study watersheds (excluding Cottonwood Creek).
Shown are four evaluated areas (solid lines) including the complete watershed (green),
the burned portion of the watershed (yellow), the burned portion of the watershed
classified as high or moderate burn severity (red), and the burned extent of the channel
network using a 200m channel buffer (blue). The average characteristic values for each
evaluated area are shown (vertical dashed lines).
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Fig. 27 Distribution of slope in six study watersheds (excluding Cottonwood Creek).
Shown are four evaluated areas (solid lines) including the complete watershed (green),
the burned portion of the watershed (yellow), the burned portion of the watershed
classified as high or moderate burn severity (red), and the burned extent of the channel
network using a 200m channel buffer (blue). The average characteristic values for each
evaluated area are shown (vertical dashed lines).
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Fig. 28 Distribution of aspect in six study watersheds (excluding Cottonwood Creek).
Shown are four evaluated areas (solid lines) including the complete watershed (green),
the burned portion of the watershed (yellow), the burned portion of the watershed
classified as high or moderate burn severity (red), and the burned extent of the channel
network using a 200m channel buffer (blue). The average characteristic values for each
evaluated area are shown (vertical dashed lines).
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Fig. 29 Distribution of soil hydrologic conductivity in six study watersheds (excluding
Cottonwood Creek). Shown are four evaluated areas (solid lines) including the complete
watershed (green), the burned portion of the watershed (yellow), the burned portion of
the watershed classified as high or moderate burn severity (red), and the burned extent of
the channel network using a 200m channel buffer (blue). The average characteristic
values for each evaluated area are shown (vertical dashed lines).
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Fig. 30 Distribution of the soil depth to restricting layer in six study watersheds
(excluding Cottonwood Creek). Shown are four evaluated areas (solid lines) including the
complete watershed (green), the burned portion of the watershed (yellow), the burned
portion of the watershed classified as high or moderate burn severity (red), and the
burned extent of the channel network using a 200m channel buffer (blue). The average
characteristic values for each evaluated area are shown (vertical dashed lines).
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Fig. 31 Underlying geology for full and burned portions of each study watershed.
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Fig. 32 Pre-fire vegetation for full and burned portions of each study watershed.

